Rationale-Therapeutically targeting macrophage reverse cholesterol transport is a promising approach to treat atherosclerosis. Macrophage energy metabolism can significantly influence macrophage phenotype, but how this is controlled in foam cells is not known. Bioinformatic pathway analysis predicts that miR-33 represses a cluster of genes controlling cellular energy metabolism that may be important in macrophage cholesterol efflux.
Introduction
The accrual of modified lipoproteins and macrophages in the vessel wall drives the progression of atherosclerosis 1 . Excess circulating lipoproteins, in particular LDL, become trapped beneath the protective endothelial layer and become modified in the oxidant-rich environment, recruiting monocytes that differentiate into inflammatory macrophages. In an attempt to restore the lipid-balance within the vessel wall, excess intracellular cholesterol is removed from macrophage foam cells into the reverse cholesterol transport (RCT) pathway by the interaction of ABC cholesterol transporter proteins (e.g. ABCA1) and apolipoprotein A-I (apoA1), a component of high-density lipoprotein (HDL). Although HDL-C has been widely used as a surrogate for HDL function, it is now appreciated that that capacity for HDL to promote cholesterol efflux from macrophages is a more predictive measure of the anti-atherosclerotic abilities of HDL [2] [3] [4] . However, to date, there are no therapies that specifically enhance macrophage RCT in the vessel wall.
Mitochondria are widely recognized as the powerhouses of the cell, yet, relatively little is known about how mitochondrial function is regulated in macrophages, especially as it relates to foam cell formation in atherosclerosis 5 . Mitochondrial metabolism encompasses a complex series of oxidizing processes that ultimately produce the cell's energy currency, ATP, which are tightly regulated by both nuclear and mitochondrial genes 6 . Macrophages can have a high demand for cellular energy, and require the efficient use of either glycolysis and/or fatty acid metabolism to maintain necessary levels of ATP to meet the demands during inflammation and, in the atherosclerotic plaque, increased rates of cholesterol efflux 7 . While the plasticity of macrophage energy metabolism is becoming evident during acute inflammation 8 , less is known about how macrophage mitochondrial energy metabolism is controlled during atherosclerosis.
miR-33a and miR-33b) is an intronic miRNA located within the gene coding for the cholesterol transcription factor SREBP-2 (and in humans, also SREBP-1) where they cooperate to increase cholesterol synthesis and decrease cholesterol elimination, in part through targeting cholesterol transport proteins ABCA1 and ABCG1 [15] [16] [17] . In addition, miR-33 represses genes involved in fatty acid oxidation (i.e. HADHB, CROT, Cpt1α) and high levels of miR-33 activity can limit the oxidation of fatty acids 18 . Thus, although miR-33 has been primarily studied for its role in regulating HDL biogenesis and circulating HDL levels, it is becoming increasingly evident that miR-33 post-transcriptionally modifies a number of genes that control cellular energy status.
Given the importance of mitochondrial metabolism in maintaining cellular energy status, we hypothesized that mitochondrial function can regulate cholesterol efflux from foam cells, and that miR-33 can fine-tune cellular energetic pathways to regulate this process. Microarray analysis of plaque macrophages from anti-miR33 treated Ldlr -/-mice revealed a series of novel miR33 targets genes that were de-repressed upon miR-33 inhibition 14 , including PPARγ coactivator-1 α (PPARGC1A, or PGC-1 α), a gene that plays a central role in regulating cellular energy homeostasis and mitochondrial metabolism. As miRNAs are known to target entire functional pathways, we tested whether miR-33 targets a network of genes controlling mitochondrial metabolism and identified additional novel targets in this pathway. Furthermore, using gain and loss of function approaches, we show that this regulation contributes to the regulation of cholesterol efflux in atherosclerosis in mice, and is associated with the presence of advanced atherosclerosis in humans.
Methods
An expanded Materials and Methods section is included in the Online Supplement, and provides details on the identification of novel miR-33 target genes using bioinformatics, the delivery of anti-microRNAs in vitro and in vivo, assays measuring mitochondrial respiration and ATP production, as well as details regarding the analysis of human atherosclerotic plaque tissue for miR-33a/b and target gene expression.
Results

Mitochondrial activity controls cholesterol efflux in macrophages
Excess cholesterol removal from macrophage foam cells is mediated through ABCA1 transporters on the cell surface, which account for a significant portion of both phospholipid and cholesterol efflux from the cell. Although the exact mechanism by which these lipids are transported across the cell membrane onto apoA1 remains incompletely understood, it is known to be an ATP-dependent process 19 . Therefore we hypothesized that mitochondrial function was important for efficient cholesterol removal from macrophages to apoA1. To test this hypothesis, we treated THP-1 macrophages with the mitochondrial respiration inhibitor oligomycin, which blocks the production of ATP from oxidative phosphorylation in the mitochondria. This resulted in a significant reduction in cholesterol efflux to apoA1, diminishing the percentage of cholesterol efflux back to those found the absence of an acceptor, similar to what had been observed previously in mouse macrophages 7 ( Figure 1A) . Similarly, macrophages from Pgc-1α -/-mice, which have reduced mitochondrial function and a reduced capacity for oxidative phosphorylation, showed impaired cholesterol efflux to apoA1, in both cholesterol-loaded and unloaded conditions ( Figure 1B ). Taken together, these results confirm that mitochondrial production of ATP via oxidative phosphorylation is important for efficient cholesterol efflux from macrophages, and confirms the notion that enhancing mitochondrial function may serve to enhance cholesterol removal from foam cells.
Cholesterol efflux is tightly controlled by both transcriptional and post-transcriptional mechanisms. miR-33 has been shown to modulate cholesterol efflux pathways by reducing the expression of the cholesterol transporters ABCA1 and ABCG1, however, relatively little is known about its impact on other energy metabolism pathways. As mitochondria are central regulators of cellular energy homeostasis, we sought to determine whether miR-33 targets genes involved in maintaining mitochondrial function. We interrogated a robust list of miR-33 predicted target genes, as determined using 5 prediction algorithms, and performed bioinformatic pathway analysis using the DAVID tool. In addition to PGC-1α, we identified a number of other genes encoding mitochondrial proteins predicted to be targeted by miR-33, including genes involved in oxidation of pyruvate (pyruvate dehydrogenase kinase 4, or PDK4), solute carrier proteins (SLC25A25, SLC25A23) and previously confirmed targets involved in fatty acid oxidation (HADHB, CROT) 18 (Table 1) . Molecular interaction analysis using Cytoscape revealed that many of the miR-33 targets, both predicted and validated, interact with other mitochondrial genes, suggesting that miR-33 may regulate mitochondrial function by both direct and indirect mechanisms ( Figure  1C ).
Increasing mitochondrial gene expression via miR-33 pathway inhibition
Given their established role in metabolism in vivo [20] [21] [22] , we next sought to confirm the putative target genes PGC-1α, SLC25A25, and PDK4 as direct miR-33 targets. Overexpression of miR-33 mimics in conjunction with candidate 3′UTR-luciferase reporter constructs confirmed that miR-33 directly represses the 3′UTR of human PGC-1α 23 , PDK4 and SLC25A25 and disrupting the miR-33 binding sites in these genes by site-directed mutagenesis with these sites abolishes the inhibitory effects of miR-33 on these genes ( Figure 2A , Supplemental Figure I ). miR-33 binding sites are also conserved in the 3′UTR of these genes in mice, indicating that miR-33 can repress gene expression in both species (Supplemental Figure I) . To confirm whether miR-33 endogenously regulates mitochondrial gene expression in macrophages, we transfected mouse peritoneal and human THP-1 macrophages with anti-miR33 or control anti-miRs and examined the expression of target genes. We observed a significant de-repression of PGC-1α, PDK4, SLC25A25 and SLC25A23, as well as the previously established miR-33 target genes ABCA1 and HADHB, at the mRNA level ( Figure 2B ). Moreover, anti-miR33 treatment increased the protein expression of PGC-1α, PDK4 and SLC25A25 as observed by western blot analysis, in both mouse and human macrophages ( Figure 2C ). These data confirm that in macrophages, miR-33 directly regulates the expression of PGC-1α, SLC25A25 and PDK4 via binding to complementary sites in the 3′UTR, in addition to its previously described targets ABCA1 and HADHB.
Our pathway interaction analysis suggests that miR-33 has the capacity to regulate the expression of multiple mitochondrial genes, both directly (i.e. by 3′UTR binding) and indirectly (i.e. via interaction with direct miR-33 targets) ( Figure 1C ). In particular, PGC-1α directly activates important activators of mitochondrial biogenesis, including nuclear respiratory factor 1 (NRF1) a transcription factor that activates expression of nuclearencoded mitochondrial genes and is essential for mitochondrial respiration. We therefore measured the expression of NRF1 and show that indeed miR-33 inhibition leads to an upregulation of NRF1 mRNA ( Figure 3A ) and protein expression ( Figure 3B ). As the 3′UTR of NRF1 in both human and mouse does not contain any predicted miR-33 binding sites, we conclude that the upregulation of NRF1 upon miR-33 inhibition is an indirect consequence of the de-repression of other direct miR-33 target genes that control mitochondrial biogenesis, primarily PGC-1α. The increase in PGC-1α and NRF1 resulted in a significant increase in mitochondrial DNA copy number, a readout of mitochondrial biogenesis, in macrophages treated with anti-miR33 compared to controls (1.7-fold antimiR33 vs. cont anti-miR, p≤0.01, Figure 3C ). To further explore the indirect effects of antimiR33 on macrophage mitochondrial gene expression, we used a pathway-focused PCR arrays, which contain 84 genes involved in mitochondrial metabolism, and compared control anti-miR and anti-miR33 treated macrophages. In agreement with our network interaction analysis, mitochondrial pathway arrays demonstrated that miR-33 regulates the expression of several genes involved in mitochondrial function (Supplemental Figure IIB and Table 1 ). Of the genes analyzed in the mitochondrial pathway, some genes containing miR-33 binding sites in their 3′UTR showed de-repression upon miR-33 inhibition (i.e. Slc25a25, Slc25a23) while others lacking miR-33 binding sites also showed up-and down-regulated expression (i.e. Ucp-2, Bcl-2). We next measured levels of the mitochondrial oxidative phosphorylation machinery (OXPHOS), a complex of proteins that are found on the inner membrane of the mitochondria and together produce the majority of cellular ATP. The OXPHOS complex is comprised of complexes I-V, which together use the reducing equivalents from oxidized fuels to produce the protonmotive force across the membrane, which then drives the conversion of ADP to ATP by ATP synthase. We quantified the levels of the OXPHOS machinery in macrophages transfected with anti-miR33 or control oligonucleotides, and show that complexes I, III, IV and V are significantly up-regulated with miR-33 inhibition ( Figure 3D ). Together, these data reveal that in addition to directly targeting mitochondrial genes PGC-1α, PDK4 and SLC25A25, anti-miR33 indirectly modifies the expression of additional mitochondrial metabolism genes that may have important functional consequences on mitochondrial metabolism.
Anti-miR33 treatment increases mitochondrial respiration and ATP production
Given its ability to alter mitochondrial gene expression and augment oxidative phosphorylation machinery, we tested whether anti-miR33 can specifically enhance mitochondrial function. We measured the outcome of miR-33 inhibition on oxygen consumption rates (OCR) in macrophages, under ADP phosphorylating and nonphosphorylating conditions. Cellular respiration was quantified in macrophages transfected with control anti-miR or anti-miR33 using the Seahorse XF Extracellular Flux Analyzer. Under basal conditions, anti-miR33 treatment increased OCR compared to control cells ( Figure 4A ). When oxidative phosphorylation is blocked using oligomycin to induce the non-phosphorylating (proton leak) condition, anti-miR33 had no effect on OCR. Finally, anti-miR33 enhanced maximal cellular respiration rates after treatment with uncoupling agent, FCCP, suggesting inhibition of miR-33 promotes electron transport chain activity (and/or substrate delivery) in the mitochondria ( Figure 4A ). To further confirm that miR-33 alters mitochondrial energy metabolism, we measured the intracellular ATP production as a measure of optimal mitochondrial function and activity. As shown in Figure 4B , macrophages over-expressing miR-33 had decreased ATP production relative to control (-45.83%, p≤0.05). In contrast, the inhibition of miR-33 resulted in increased production of ATP relative to controls (+28.01%, p≤0.05). Collectively, these data demonstrate that the inhibition of miR-33 positively drives mitochondrial aerobic respiration and activity, which in turn results in an increase in ATP production, likely through its direct and indirect modulation of multiple mitochondrial genes.
Given the previously established role of miR-33 in controlling cholesterol efflux and RCT 13, 14, 16 , we postulated that miR-33 could regulate cholesterol efflux activity via its effects on mitochondria gene expression. To test this, we measured cholesterol efflux to apoA1 in macrophages transfected with control anti-miR or anti-miR33 in the presence or absence of oligomycin, an inhibitor of mitochondrial respiration. As in previous studies, macrophages transfected with anti-miR33 had increased cholesterol efflux to apoA1 compared to controls ( Figure 4C ). Inhibition of mitochondrial ATP production blocked the ability of anti-miR33 to promote cholesterol efflux. In the absence of optimally respiring mitochondria, macrophages treated with anti-miR33 had reduced cholesterol efflux compared to controls, suggesting that the salutary effects of miR-33 inhibition absolutely require mitochondrial respiration and energy production ( Figure 4C ). These experiments highlight an essential role for mitochondrial respiration and ATP production in miR-33 regulation of cholesterol homeostasis in macrophages, and represent a novel mechanism by which cholesterol efflux can be augmented in atherosclerosis.
Given the ability of miR-33 to control mitochondrial gene expression and function, we next asked whether the regulation of cholesterol efflux by anti-miR33 was dependent on PGC-1α and other newly identified mitochondrial target genes. Using mice deficient in Pgc-1α, which have with impaired mitochondrial metabolism, we measured ATP production upon inhibition of miR-33. In wild-type (WT) macrophages, anti-miR33 robustly augments ATP production, but this effect is lost in the absence of Pgc-1α ( Figure 4D ). We next tested the dependency of PGC-1α on anti-miR33 regulation of cholesterol efflux. While anti-miR33 treatment results in a robust 50% increase in cholesterol efflux in macrophages from WT mice, anti-miR33 has no effect on cholesterol efflux in macrophages from Pgc-1α -/-mice ( Figure 4E ). In contrast, anti-miR33 could still augment efflux in Pdk4 -/-macrophages, albeit to a lesser extent that WT macrophages ( Figure 4E ). Anti-miR33 could equally increase cholesterol efflux in both Slc25a25 -/-and WT cells ( Figure 4E ). Taken together, these data reveal that miR-33 inhibition depends on functional Pgc-1α to regulate ATP production as well as cholesterol efflux from macrophages, highlighting the essential role for mitochondrial metabolism in the salutary effects of anti-miR33.
Anti-miR33 protects from atherosclerosis and increases mitochondrial gene expression in Apoe -/-mice
Previous studies using miR-33 inhibition have shown beneficial effects on RCT and atherosclerosis progression and regression 14, 24 . Part of the athero-protective mechanism of miR-33 inhibition may be attributable to raising of HDL-C 14, 15, 25 , however, studies in Ldlr -/-mice on a western diet have shown reductions in atherosclerosis in the absence of HDL-raising 24 . We wondered if the mitochondrial pathways regulated by anti-miR33 could promote HDL-independent cholesterol efflux pathways in lesions from the highly inflamed Apoe -/-mice, which have little to no circulating HDL. Eight week old Apoe -/-mice were simultaneously fed a western diet (WD) and administered control anti-miR or anti-miR33 oligonucleotides via weekly injections for 8 weeks. Quantification of the aortic sinus lesion area shows a reduction in lesion burden in mice treated with anti-miR33 compared to their controls ( Figure 5A, p≤0.05) . However, the anti-miR33 dose used in this study did not affect circulating HDL levels ( Figure 5B ), nor did it alter total plasma cholesterol or LDL cholesterol ( Table 2 ). Visualization of lipid droplets, elastin, and collagen was performed used coherent anti-Stokes Raman scattering (CARS), two-photon fluorescence (TPF), and second harmonic generation (SHG), respectively ( Figure 5C ). Anti-miR33 treated mice have reduced lipid aggregation and overall lesion area ( Figure 5D ), both of which are consistent with an increased macrophage cholesterol efflux capacity induced by anti-miR33 therapy. Given that miR-33 inhibition resulted in increased expression of PGC-1α and other mitochondrial target genes in vitro, we measured the expression of these targets in the lesions of Apoe -/-treated mice in vivo. Immunohistochemical staining of aortic sinus lesions demonstrate that Apoe -/-mice treated with anti-miR33 have increased expression of Pgc-1α and Pdk4 in the plaque compared to control treated mice ( Figure 5D ).
To understand whether the expression of novel miR-33 controlling mitochondrial metabolism are dysregulated in the pro-atherogenic milieu, we isolated peritoneal macrophages from hypercholesterolemic mice, which are considered a surrogate for plaque macrophages 26 . In vivo formed foam cells from Apoe -/-mice treated with anti-miR33 treated mice showed significantly increased expression of target genes Abca1, Pgc-1α and Slc25a25 ( Figure 6A , p≤0.05), in parallel with the observed increases in of Pgc-1α and Pdk4 protein in the vessel wall. We also measured the corresponding levels of ATP in the aortas of Apoe -/-mice, and mice treated with anti-miR33 tended to have increased levels of aortic ATP compared to controls (968.8 ± 225.5μM ATP versus 2930 ± 1367μM ATP/total lesion area, p=0.15; Supplemental Figure IIIA) . We analyzed plaque macrophage gene expression using laser-capture microdissection in a related model of atherosclerosis progression, WDfed Ldlr -/-mice treated with anti-miR33 or control anti-miR for 8 weeks. Quantitative PCR on LCM-isolated macrophages revealed a trend towards increased expression of miR-33 target genes Pgc-1α and Slc25a23, and a significant increase in Pdk4 mRNA (Supplemental Figure IIIC) . Nrf1, a Pgc-1α downstream target and a marker of mitochondrial biogenesis, was very robustly increased in lesional macrophages from anti-miR33 treated mice compared to controls (Supplemental Figure IIIC) . Finally, in an attempt to translate our findings to humans, we examined whether miR-33 and its mitochondrial target genes are dysregulated in human atherosclerosis. Indeed, miR-33 (both copies, miR-33a and miR-33b) are significantly elevated in atherosclerotic plaques from patients with carotid atherosclerosis compared to control arteries ( Figure 6B ). This was associated with a parallel decrease in miR-33 target gene expression of PGC-1α, SLC25A25 and SLC25A23, as well as in the indirect markers of mitochondrial biogenesis NRF1 and TFAM ( Figure 6B ). These data are the first to show that miR-33a/b expression is dysregulated in atherosclerosis in humans, and that genes with known roles regulating mitochondrial biogenesis (i.e. PGC-1α, NRF1, TFAM) are significantly lower in atherosclerotic versus healthy arteries. Together these data suggest that anti-miR33 therapy would be predicted to increase the expression of mitochondrial gene expression in the plaque to promote mitochondrial respiration and cholesterol efflux capacity, which may contribute to the ability of miR-33 inhibitors to reduce atherosclerotic lesion size in the absence of changes in HDL-C, and that this pathway may be active in human atherosclerosis development.
Discussion
The metabolic status of a cell is a strictly regulated process. In cells of the innate immune system, whose main purpose is to offer rapid protection against invading non-self and modified-self antigens, the availability of energy substrates is vital to mount an appropriate response in times of stress. For macrophages in the atherosclerotic plaque, this stress comes in the form of excess cholesterol accumulation, and macrophages need to boost the removal and detoxification of cholesterol via efflux pathways. We demonstrate that macrophage cholesterol efflux is dependent upon functionally respiring mitochondria, as inhibiting mitochondrial ATP production and function by pharmacologic (i.e. oligomycin) or genetic (i.e. deletion of Pgc-1α) means significantly blunts the ability of cells to efflux cholesterol to apoA1. Moreover, we show that miR-33, a microRNA with reported roles in controlling cholesterol efflux, can also regulate production of ATP by the mitochondria and can limit ATP availability for ABCA1-dependent cholesterol efflux. These data indicate that boosting energy metabolism pathways may be a novel method to enhance cholesterol efflux in macrophages and positively impact atherosclerosis development. miRNAs are small but potent post-transcriptional modulators of gene expression that can regulate entire genetic networks. Previous studies from our group and others have shown that miR-33 (miR-33a/b in humans) controls the expression of genes that influence cellular metabolism, including cholesterol transport (e.g. ABCA1, ABCG1) and fatty acid β-oxidation (e.g. CPT1α, CROT, HADHB) 17, 18 pathways. Using bioinformatic analysis, we have now identified another network of genes targeted by miR-33 to regulate mitochondrial respiration and metabolism. We confirmed several novel mitochondrial genes (i.e. PGC-1 α 23 , PDK4 and SLC25A25) that are direct and specific targets of miR-33, with conserved binding sites in the 3′UTR of both human and mouse transcripts. Importantly, inhibition of endogenous miR-33 in mouse and human macrophages increases the protein expression of PGC-1α, PDK4 and SLC25A25, as well as the mitochondrial fatty acid oxidation genes HADHB and CROT, which are also direct targets of miR-33 18, 27 . In addition to the direct mRNA targets of miR-33, we also found that anti-miR33 can indirectly increase the expression of NRF1 and OXPHOS complexes-key factors that promote mitochondrial biogenesis and efficient production of ATP, respectively. Both NRF1 and OXPHOS are down-stream of PGC-1α, and miR-33 inhibition could result in an increase in mitochondrial biogenesis when PGC-1α levels are de-repressed 28 . Indeed, we observed a significant increase in mitochondrial DNA copy number, a readout of mitochondrial biogenesis, in antimiR33 treated macrophages. Although the changes in expression exerted by miR-33 on any one target gene may be small, the cumulative functional outcome of fine-tuning many genes in the same pathway or network can be large, as evidenced by the significant changes in ATP synthesis upon manipulation of miR-33 levels. Thus, these data support the notion that miR-33 exerts control over genetic networks that regulate cellular energy homeostasis (i.e. lipid, fatty acid, mitochondrial), with miR-33 serving as a regulatory hub of energy metabolism.
ABCA1 is a member of the ABC transporter protein family, with two ATP-binding cassettes in its inner membrane domain, which hydrolyze and transport ATP molecules during efflux 29, 30 . During the transport of cholesterol and phospholipids, a steady supply of ATP is required for ABCA1 (and other ABC transporters, such as ABCG1) to move substrate across the membrane to an acceptor, making ATP central to the efficient removal of cholesterol. In addition to directly exerting post-transcriptional control over ABCA1 expression, we now show that miR-33 regulates the availability of ATP for cholesterol efflux via repressing a network of genes that control mitochondrial respiration and ATP production. miR-33 expression is activated during times of nutrient depletion (i.e. sterol, fatty acid) where it serves to repress the expression of cholesterol efflux and fatty acid oxidation pathways, in order to conserve energy 31 . Our data is consistent with miR-33 conserving cellular energy by regulating multiple pathways, eg. repression of sterol and fatty acid utilization, and concomitantly dampening of ATP production. Further, our data also supports the hypothesis that under conditions of excess cholesterol (i.e. in atherogenic macrophage foam cells), enhancing mitochondrial function can promote cholesterol efflux in part by increasing ATP production. Indeed, de-repression of PGC-1α, PDK4 and SLC25A25 upon inhibition of miR-33 corresponds to an increase in mitochondrial respiration and ATP production -both of which contribute to the increased cholesterol efflux capacity seen in anti-miR33 transfected macrophages. We found that inhibition of mitochondrial function (i.e. upon treatment with oligomycin) markedly reduced macrophage cholesterol efflux to apoA1, and blocking normal mitochondrial function blunted the beneficial effects of anti-miR33 on macrophage cholesterol efflux, suggesting respiring mitochondria are necessary for the favourable effects of anti-miR33 on efflux. Similarly, in the absence of PGC-1α, anti-miR33 can no longer exert its effects on ATP production or cholesterol efflux, once again confirming that intact mitochondrial ATP production enhances anti-miR33 regulation of cholesterol efflux. Mitochondrial dysfunction has been mechanistically linked to the progression of atherosclerosis in Apoe -/-mice, independent of reactive oxygen species production, due in part to defects in oxidative phosphorylation 32 . Furthermore, it has been suggested that mitochondrial distress can reduce the efficiency of cholesterol efflux from macrophages, which could be a consequence of reduced ATP production by the mitochondria 5 . Here, we show enhanced mitochondrial respiration in antimiR33 treated macrophages by de-repression of key mitochondrial genes to promote ATP production and in conjunction with the major miR-33 target gene ABCA1, enhances cholesterol efflux, indicating that miR-33 dampens cholesterol efflux pathways via its direct effects on the mitochondria. Interestingly, we observed the greatest increase in mitochondrial respiration by anti-miR33 in the presence of the uncoupling agent, FCCP. In uncoupled states, when the mitochondria are in overdrive to respire, we believe that miR33 represses mitochondrial biogenesis and respiration through its multitude of mitochondrial gene targets. Anti-miR33 de-represses many of these gene targets simultaneously, amplifying their additive effects on an overdriven respiratory system, which when translated in vivo, could have beneficial outcomes in the plaque where defective oxidative phosphorylation and mitochondrial function is present. Similarly, although we measured ATP production at one fixed time point, blocking miR-33 continuously over time would expect to have a sustained effect on mitochondrial respiration and thus contribute to increased cholesterol efflux and reduced atherosclerotic lesion area in vivo. These data support the concept that improving mitochondrial function in the vessel wall could be a novel therapeutic approach for reducing atherosclerosis.
PGC-1α is a well-characterized master regulator of mitochondrial biogenesis and metabolism, and promotes fatty acid oxidation, gluconeogenesis and browning of white adipose tissue 33, 34 . In macrophages, anti-miR33 therapy increases PGC-1α expression, which in turn increases cellular respiration and ATP production-two fundamental roles of the mitochondria. Clinical evidence suggests that promoting the activity of PGC-1α has positive outcomes on metrics of the metabolic syndrome, including insulin resistance and obesity 35, 36 . However until recently, PGC-1α activity in macrophages had not been well studied, and its role in atherogenesis was unknown. To investigate the function of PGC-1α in atherogenesis, McCarthy et al recently reported that deletion of Pgc-1α in hematopoietic cells accelerated the progression of atherosclerosis in Ldlr -/-mice 37 . Our current study supports the idea that increasing PGC-1α expression has salutary effects on the development of atherosclerosis, as mice treated with anti-miR33 oligonucleotides had increased vascular Pgc-1α protein expression, increased foam cell expression of Pgc-1α transcripts, and a concomitant decrease in aortic lesion area. Indeed in human atherosclerotic lesions, the expression of PGC-1 α in macrophages was inversely correlated to the severity of disease, and over-expression of macrophage PGC-1 α in vitro reduced foam cell formation 37 . In agreement with these observations, we show that in arteries from patients suffering from atherosclerosis, PGC-1α levels are significantly downregulated compared to healthy arteries, and there is a concomitant increase in miR-33a/b expression. Similarly, the downstream target of PGC-1α, NRF1, is also decreased in atherosclerotic lesions, suggesting an impairment of mitochondrial biogenesis in atherosclerosis. Thus, augmenting PGC-1α expression and function in macrophages could have protective effects on the progression of atherosclerosis in both mice and humans.
In addition to PGC-1α, this study also identifies a number of novel mitochondrial targets of miR-33, and confirms that PDK4 and SLC25A25 are indeed directly repressed by miR-33 via binding to the 3′UTR. In keeping with its role as a regulator of energy homeostasis, these novel targets PDK4 and SLC25A25 have known roles in regulating mitochondrial energy supply. PDK4 phosphorylates and deactivates the pyruvate dehydrogenase complex, switching the primary ATP-generating oxidative reactions in the mitochondria from relying on glucose (via glycolysis) to fatty acid, and the expression of PDK4 pushes the cell's energy supply from relying on the energy-poor glycolytic to the energy-rich fatty acid β-oxidation. SLC25A25 (and its related gene, SLC25A23, also a target of miR-33) is a member of the SLC25 mitochondrial solute carrier protein family 20 . Both SLC25A25 and SLC25A23 are nuclear encoded ATP-Mg 2+ /Pi carriers that drive the reversible exchange of substrates such as ATP-Mg 2+ , Pi, ATP and ADP across the mitochondrial inner membrane, tightly regulating mitochondrial metabolic pathways 20 . However, like PDK4, the exact role of SLC25A25 in macrophages is unclear. Here, we present the first evidence of that miR-33 controls PDK4 and SLC25A25 in macrophages, which may potentially regulate mitochondrial respiration, ATP production and cholesterol efflux. In agreement with its known ability to regulate fatty acid oxidation genes our data suggests that anti-miR33 therapy targets additional macrophage energy metabolism pathways to re-direct energy utilization and production to fatty acid oxidation pathways, contributing to the increased energy demand during the energy-intensive process of macrophage cholesterol efflux. While it is difficult to decipher the specific contribution of any one of the miR-33 target genes on mitochondrial output and cholesterol efflux, miRNAs are designed to work on entire pathways and thus it is likely not due to a single target gene isolation. Indeed, our data suggests that inhibition of endogenous miR-33 is able to augment mitochondrial activity via direct de-repression of target genes (PGC-1α, PDK4, SLC25A25) and indirect activation of other key mitochondrial genes (i.e. NRF1, OXPHOS), cumulatively resulting in increased ATP production and, acting in concert with the central miR-33 target gene ABCA1, enhancing overall cholesterol efflux.
Despite the excitement for HDL-C raising agents as a means to reduce atherosclerosis, their clinical utility to treat vascular disease has been called into question. On the other hand, agents that promote cholesterol efflux in lesional macrophages are believed to hold tremendous promise, yet no therapies exist that can specifically enhance macrophage efflux and RCT. We and others have previously shown that miR-33 controls the expression of ABCA1, the terminal step in cholesterol efflux to apoA1 and the formation of HDL, making the inhibition of miR-33 an exciting therapeutic strategy 16, 17, 27, 38 . Indeed, in most preclinical models, blocking miR-33 activity results in a decrease in lesion size, with an accompanying increase in HDL-C 14, 15 . We show that anti-miR33 treatment of atherosclerotic Apoe -/-mice can reduce atherosclerotic lesion burden even in the absence of increased HDL-C. This corresponds to decreased lipid content in lesions, and increased expression of the potent mitochondrial regulators Pgc-1α and Pdk4. In plaque macrophages from similarly-treated Ldlr -/-mice, anti-miR33 also results in de-repression of mitochondrial genes and a very robust increase in Nrf1 expression, indicating that anti-miR33 promotes mitochondrial biogenesis in vivo in the plaque. The regulation of mitochondrial energy metabolic pathways corresponds to an increase in cellular respiration and ATP production in vitro, and a trend toward increases aortic ATP production in vivo, all of which work in concert with the known roles of anti-miR33 in promoting macrophage cholesterol efflux via de-repression of ABCA1. Despite recent evidence suggests that long-term inhibition of miR-33 leads to increases in VLDL cholesterol and can promote obesity, we did not observe any changes in apoB-containing lipoproteins (VLDL and LDL) or body weight with antimiR33 treatment compared to controls in this 8-week study 39, 40 . Thus, in the setting of short-term therapeutic inhibition, anti-miR33 can promote overall macrophage mitochondrial metabolism to enhance efflux pathways, protecting from the development of atherosclerosis. This occurs independently from any effects on circulating lipoproteins, and could have important therapeutic value for the treatment of cardiovascular disease. In the clinical setting, a short-term regimen of anti-miR33 treatment in combination with other established lipid-lowering agents (i.e. statins) could promote significant cholesterol removal from advanced lesions, promoting the stabilization and regression of atherosclerotic disease. This work highlights the potential of miRNA-based therapeutics as agents that promote cholesterol efflux via targeting novel mitochondrial genetic networks to reduce atherosclerotic lesion burden.
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Novelty and Significance
What Is Known?
• microRNA-33 (miR-33) has been identified as a post-transcriptional regulator of cholesterol efflux and circulating high-density lipoprotein (HDL) levels in mice and non-human primates.
• Although miR-33 antagonism alters HDL levels, it is becoming increasingly evident that miR-33 regulates a number of genes that control cellular metabolism.
• The complete repertoire of miR-33 target genes is unknown.
What New Information Does This Article Contribute?
• miR-33 controls a network of mitochondrial genes and coordinates mitochondrial energy metabolism.
• To promote cholesterol efflux, anti-miR33 augments ATP production via derepression of mitochondrial target genes and enhanced mitochondrial respiration.
• In plaques from patients with atherosclerosis, miR-33a/b levels are elevated in comparison with normal arteries, whereas mitochondrial metabolic genes are downregulated, suggesting an impairment of the miR-33/mitochondrial axis in disease
The cholesterol efflux capacity of HDL is an important metric of HDL function, associated with the protection from atherosclerosis. Thus, there is an urgent need to improve our understanding of the mechanisms that govern cholesterol efflux and HDL biogenesis. Our study provides insight into how miR-33 regulates cholesterol efflux capacity beyond its previously-described role in targeting ABCA1. We found that miR-33 controls energy metabolism via repression of key mitochondrial genes to limit ATP production and dampen cholesterol efflux, and therefore inhibiting miR-33 enhances mitochondrial respiration, ATP production and cholesterol efflux, which is largely dependent upon the miR-33 target gene PGC-1α. In vivo, miR-33 inhibitors reduced atherosclerotic lesion burden independently of HDL cholesterol levels, an effect that was associated with increased mitochondrial gene expression within atherosclerotic plaques. Importantly, the expression of key mitochondrial metabolic genes is downregulated in human atherosclerotic plaques, while levels of miR-33a/b are elevated. Therefore, it appears that miR-33 antagonism exerts its anti-atherogenic effects directly in macrophages by coordinating a network of metabolic processes that boosts ATP production to feed the ATP-dependent cholesterol efflux, underscoring a novel therapeutic avenue for promoting cholesterol efflux and reducing atherosclerosis beyond raising HDL cholesterol. (A) Human THP-1 macrophages transfected with control anti-miR or anti-miR33 were cholesterol-loaded for 24h before pre-treatment with oligomycin for 1h, and subsequently incubated with apoA1 for 6h. % cholesterol efflux is shown as a proportion of total radiolabeled cholesterol in the cell. (B) Peritoneal macrophages from wild-type C57BL6 or Pgc-1α -/-mice were loaded with or without cholesterol for 24h, and cholesterol efflux to apoA1 was measured for 6h. % cholesterol efflux is shown as a proportion of total radiolabeled cholesterol in the cell. (C) Bioinformatic pathway analysis using the DAVID gene tool and Gene Set Enrichment Analysis predicted that miR-33 regulates multiple mitochondrial genes. Predicted miR-33 targets are depicted as yellow circles; interacting downstream genes are shown as violet circles; genes outlined in blue are previously confirmed miR-33 target genes, and dotted lines are novel miR-33 target genes confirmed in this study. for 48h. The relative mRNA (B) or protein (C) expression of select mitochondrial genes was determined. Data are representative of triplicates of at least n= 3 experiments and were analyzed using a t-test (* p≤0.05, ** p<0.001). Pgc-1α -/-mice were transfected with cont anti-miR or anti-miR33 and intracellular ATP was measured as in (B) above. Data shown are % change relative to control ± SD from 3 replicates, and is representative from at least 3 independent experiments. (E) Peritoneal or BMDM macrophages from either WT, Pgc-1α -/-, Pdk4 -/-or Slc25a25 -/-mice were transfected with anti-miRs and cholesterol efflux was measured as in (B). Data is shown as % increase in efflux to apoA1 by anti-miR33 compared to control anti-miR of 6 replicates, and is representative of n=3 independent experiments. Apoe -/-mice were simultaneously fed Western diet (0.2% cholesterol) and an administered anti-miR33 (or control anti-miR) oligonucleotides for 8 weeks prior to sacrifice (A) Quantification of atherosclerotic lesion areas in aortic sinus sections. Mean ± SEM for each treatment group is shown, *P<0.05, n=7-8 per group, student t-test. (B) Plasma HDL cholesterol levels at the end of study showed no difference between control and anti-miR33.
(C) Coherent anti-Stokes Raman scattering (CARS), two-photon fluorescence (TPF) and
